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TECHNICAL REPORT SUMMARY 

This report presents  results obtained during  the  first  six months of de- 

velopment of acoustic waveguides.     A primary motivation  for developing acoustic 

waveguides is  to take advantage of the potential   size  reduction over current 

surface acoustic wave  technology.    Waveguide components  represent  the next  step 

in microminiaturization of acoustic signal   processing devices.     Devices  that 

may be developed  include directional   couplers,   ring  resonators,  and serial 

memory.     In addition,   because of  the high degree of  spatial   confinement of the 

acoustic energy,  nonlinear and acousto-optic  interactions become possible. 

The technical  problems associated with this development are twofold: 

(1) development of suitable etching processes for waveguide formation,  and 

(2) development of fine geometry stencils for transducer fabrication. 

• Waveguide Formation 

A suitable etching process for waveguide formation  in a-quartz has 

been  developed.     A quartz wafer masked off with sputtered metal   films can be 

etched  in boiling hydrofluoric acid to produce wedge-shaped waveguides.     Wave- 

guide etching  in higher coupling materials,   such as  lithium niobate,   is cur- 

rently not a developed process.    The problem in  lithium niolate etching is 

maintaining uniformity of the waveguide cross  section.     We have  results showing 

that  the nonuniform etching   is  related to crystal   defects,   polishing  inadequacy, 

and metal  etch mask adhesion.     All  of these problems are being examined. 

• Transducer  Fabrication 

Stencils are being  fabricated by ori^rtation-dependent etching of 

s.'     con.    The stencils will   be used  in conjunction with standard electron beam 

metal   evaporation  techniques to produce  the  transducer patterns.     This procedure 
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for transducer fabrication is being considered rather than photoresist and wet 

etching of the metals because of the difficulties introduced by the surface 

tension of the photoresist when it is applied to the edge of a waveguide.  The 

processes required for orientation-dependent etching of silicon are well known 

at Texas Instruments, and development of the stencils is proceeding without 

difficul"y. 

No special equipment has been purchased or developed on this contract. 
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SECTION I 

INTRODUCTION 

This report presents results obtained during the first six months of de- 

velopment of acoustic waveguides.  Section I outlines the motivation for the 

work and the objectives being pursued.  In Section II results obtained from low 

frequency prototype waveguides are evaluated.  Section III discusses our present 

status in the development of etched waveguides on LiNbO^ and a  quartz.  Plans 

for future work are given in Section IV. 

A. Objectives 

A primary motivation for developing acoustic waveguides is to take advan- 

tage of the potential size reduction from current surface acoustic wave (SAW) 

technology.  In addition, because of the high degree of spatial confinement of 

the acoustic energy, nonlinear and acousto-optic interactions become possible. 

Devices that may be developed include directional couplers, ring resonators, 

and serial memories. 

B. Approach to Waveguide Development 

The basic configuration under development is shown in Figure 1.  This con- 

figuration was chosen over other alternatives for two principal reasons: 

(1) the fundamental mode of the ideal structure is dispersionless; and (2) when 

the structure is fabricated on a wafer as shown, the flexure nnd electric 

potentials of the guide are compatible with transducer fabrication in the plane 

of the wafer's top surface.  Development of a delay line with the configuration 

of Figure 1 breaks down into two major divisions, fabrication of the waveguide 

and fabrication of the transducers. 

1,  Waveguide Fabrication 

Orientation-dependent etching (ODE) of crystals has been demonstrated 

in many materials.  Notably, silicon, exhibits preferential etching, and a vast 

  HWHMh .  -  
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Waveguides 

Transducer 

Figure 1 Acoustic Waveguides on a Piezoelectric Wafer. 
The overhanging wedge-shaped structures confine 
and guide the wave.  Transducers are fabricated 
on the face of the waveguide that is coplanar 
with the top surface of the wafer. 
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body of literature has been produced dealing with ODE of silicon.  Unfortunately, 

silicon is not piezoelectric, and while waveguides may be easily formed in the 

material, transduction is an exceedingly difficult problem. 

Quartz and LiNbO also permit preferential etching.  While no body of 

literature on ODE of these two materials exists, Texas Instruments, through the 
2 

work of Dr. D. F. Wei rauch,  has developed considerable expertise during the 

past year in etching device geometries in quartz and LiNbO,.  It is this ODE 

capability that enables us to consider the configuration of Figure 1.  Our current 

work on ODE of LiNbO.. and quartz is discussed in Section III. 

2.  Transducer Fabrication 

Optimal transducer design includes not only defining a process that 

produces coupling metallizations on the waveguides, but also takes into account 

spurious mode discrimination and fundamental mode impedance natching considera- 

tions.  Work directed toward obtaining guidelines with regard to these problems 

is being done in parallel with the etching activities.  The transducer work has 

been carried out on a low frequency (1 MHz) prototype device that was mechanically 

cut and polished from a block of piezoelectric ceramic.  This work, which is 

essentially complete, is discussed in Section II. 

High frequency waveguides will require fine metallizations for the 

transducers.  To produce such patterns, we are developing silicon stencil fabri' 

cation techniques.^ A discussion of this activity is given in Section IV, 

Future Work. 
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SECTION II 

PROTOTYPE DEVICE STUDIES 

A. Introduction 

Prototype waveguides were built to evaluate the spurious mode excitation 

problem and to obtain quantitative data on transducer impedances.     Previous work 

on waveguides on LiNbO. showed that  the modes excited by the  transducer pads 

could easily be stronger than  the desired waveguide mode. 

The waveguides were fabricated from a ceramic, Glennite G-l'+OS.     Since this 

material   is similar to PZl-k,  we used the already published    dispersion and 

coupling data shown in Figure 2  in evaluating our results.     (The specifications 

supplied for the Glennite ceramic were not  sufficiently complete to permit 

dispersion and coupling calculations.) 

Top angles of all  waveguides were about 33°)  and the  lateral   surfaces of 

0.75  inch and 0.89 inch were polished until  porosity of the material  was  the 

factor  limiting surface quality.    Approximately 3.5 inches of  free propagation 

path was available,  and on the  tested units,  apex roughness  throughout the 

propagation path was  less  than 0.0^ wavelength peak-to-peak. 

B. Spurious Modes 

Schematic  representations of  the transducers tried for excitation of the 

ceramic waveguides are shown   in  Figure 3.     Figure 3(a)   shows  a grating mode 

configuration with a ground plane on the  lower surface of  the waveguide. 

Figures 3(b)  and 3(c)   illustrate  interdigital   transducers.     The  transducers  in 

Figures 3(a)  and 3(c)  were 9.5 X  long with equal-width  stripes and spaces,  while 

the transducer in Figure 3(b)  was 5 X  long.    All   the masks wert designed for  1 MHz 

operation with 1.0 inch cf free propagation between the  last  finger of the  input 
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70     80 

H   (Degrees) 

Figure 2 Phase Velocity and Coupling for PZT-'* (From Lagasse ) 
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(b) 

Figure 3 Transducer Configurations Used in the Prototype Device 
Evaluation,  Figure 3(a) shows a grating mode transducer 
employing a ground plane.  Figure 3(b) shows an inter- 
digital transducer with half the fingers stitch-bonded 
to one pad. 
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(c) 

Figure 3 (continued)  Transducer Configurations Used in the 
Prototype Device Evaluation.  In 
Figure 3(c) the pads are spaced away 
from the ceramic surface, and all fingers 
are bonded to the pads. 
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transducer and the first finger of the output transducer. Waveguiding activity 

could be observed using either the Figure 3(a) or 3(b) mask, but the observed 

levels were on the order of -60 dB, which was also the level of transducer pad 

acoustic crosstalk. 

By removing the pads from the substrate as shown in Figure 3(c), acoustic 

interference effects were virtually eliminated.  (Electromagnetic crosstalk was 

less than -90 dB.) The 9.5 X interaction length of the transducers was adequate 

for a strong effect to be observed, as shown by the results of Figure k.    Two 

modes are clearly visible. The mode at about 1 MHz is the lowest-order antisym- 

metric flexural mode, while the mode at about 1.7 MHz is the first higher order 

mode. These modes are indicated as circles in Figure 2. 

The deep rejection at the transmission zeros of the fundamental mode shows 

how thoroughly the acoustic crosstalk in the device is abseit.  With insertion 

loss to the peak of the first mode at about -35 dB the average acoustic back- 

ground level shown in Figure k  is around -90 dB. 

C.  Dispersion, Impedances, and Mavchinq Properties 

1.  Dispersion 

Assuming that the transducer fingers are aligned perpendicular to the 

propagation direction, the transmission zero data of Figure k  can be used to 

obtain information about the dispersion of the modes. The frequencies of the 

zeros of transmission of the two modes were counted and combined with the corres- 

ponding Fourier wavelengths of the transducer potential to give the dispersion 

relations shown in Figure 5. There is not enough data to draw conclusions about 

the second mode, but the trend for the first mode see^.s clear.  It suggests that 

over a k7%  bandwidth the dispersion is 2.i|%. 
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Figure 5 Pispersion Data for the Ceramic Waveguide Shown 
in Figures 3(c) and k.     The transducer had a 
0.040 inch wavelength. 
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2. Impedances 

The transducer shown in Figure 3(c) had 0.010 inch lines and spaces, 

and the electrodes were approximately X/2 long (0.020 inch).  Only 9.5 \ of 

interaction was used, so the static reactance of the transducer was quite large. 

Low frequency measurements indicated a capacitance of 7^ ^F, giving a reactance 

of 2.2 K at 1 MHz.  To obtain a Smith chart display of the impedance, the trans- 

ducer was series-tuned with a 3^*0 |JIH inductor.  The result is shown in Figure 6(a) 

The loop in the impedance display shows clearly and crosses the real axis at 

midband with a value of ~ 700 Q.  Minor loops on the main lobe are also evident 

and are a consequence of reflections from the other transducer, which was not 

waxed during the measurement. 

Insertion loss data for the delay line are shown in Figure 7.  The upper 

photo shows rejection of the second mode due to the series tuning.  The fundamen- 

tal mode has an average insertion loss across the passband on the order of -17 dB. 

A high degree of interference show, in the lower trace, where the amplitude 

peak-to-peak is greater than 10 dB.  This is a consequence of the high impedances 

of the transducers, which were series-tuned by an inductor; when they were con- 

nected to a 50 Q spectrum analyzer, triple-transit reflections were very large. 

Another surprising characteristic of the frequency response is the very 

steep skirts on the main passband.  These, too, are a consequence of impedance 

effects.  Referring to Figure 6(a) again, one can see that the best impedance 

match for the fundamental mode occurs at the edges of the passband and that at 

midband, the impedance match is very poor.  These mismatching effects serve to 

steepen the rejection on the passband skirts. 

3. Matching 

To overcome the significant impedance mismatch of the waveguide in a 

50 fj system, transformers were added to the matching networks of the transducers. 
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Relcom BT-9 800 0:50 n fansformers were placed in front of the already 

series-tuned transducers.  Insertion loss characteristics from the input trans- 

former to the output transformer are shown ir Figure 8. 

The average insertion loss shown is -10 dB in the passband, and  the 

triple transit ripple is now only 3 dB peak-to-peak.  In addition, the steep 

rejection skirts that were on the sides of the main passband now roll off 

smoothly.  Smith chart characteristics looking into » transformer are shown in 

Figure 6(b). At midband the real part of the impedance reaches a value of 

45 0,  a considerable improvement over the condition shown in Figure 6(a), where 

the midband wilufl is ~ 700 Q. Figure 6(b) also shows there is i strong residual 

acoustic generation level out-of-band of the fundamental wavegu de mode. This 

level shows up in Figure 8(a) as a pedestal of interference at the -55 dB level. 
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SECTION III 

ETCHED WAVEGUIDES 

A. Introduction 

Previous work carried out by D. F. Weirauch2 on the correlation of the 

anisotropic etching of spheres and wafers defined potentially useful orienta- 

tions of LiNbOj and or-quartz.  These wafer orientations could be etched in HF 

to produce overhanging wedges with the configuration of Figure 1. 

During that work and the present investigation, HF acid was the only 

etchant given serious examination.  It was found that HF etches o-quartz rapidly 

and produces quite satisfactory waveguides.  It etches LiNbO. nearly an order of 

magnitude more slowly, and the results, at present, are not satisfactory for wave 

propagation, 

B. g-Quartz Etching 

W«?i rauch found that if the etch mask pattern on standard ST-cut quartz were 

orie ited ~ 9° from the positive X-axis of the crystal, as shown in Figure 9, 

unriercut ledges with top angles on the order of 60° could be obtained.  During 

the course of this work, we have etched many waveguides with orientations near 

that shown in Figure 9 and have found several other etch planes in addition to 

the major slow etch plane that defines the lower edge of the waveguide.  The 

presence of these other planes is sensitive to the exact angle of orientation 

of the waveguide.  There is an angle at just about 10° off X where the lower 

surface of the guide is a single plane.  At ± 1° from this direction in the 

plane of an ST-cut wafer, the lower guide surface became multifaceted. 

Figure 10 shows a perspective view of pairs of waveguides on ST-cut quartz. 

The waveguides are approximately 25 ^.m high; their lower surfaces are single- 

faceted, and the apexes are smooth over large propagation lengths.  Top angles 

of these waveguides measured about 60°. 

16 
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The waveguides were formed by etching in boiling HF for approximately one 

hour with the surface masked by a chrome-gold pattern.  Etch mask erosion was 

minimal, and defects in the chrome-gold mask were rare, as evidenced by the 

uniformity of the waveguides. 

In general, waveguides with top angles approaching 90° have fundamental 

mode phase velocities near that of the Rayleigh mode.  Accordingly, we have ro- 

tated the top surface with respect to the slow-etch lower face of the waveguide 

to find a wafer orientation that will allow etching of waveguides with top angles 

near ^0°.     Figure 11 shows the crystal axes orientation. Wafers with this 

orientation have been produced and are currently being evaluated. 

C.  LiNbO. Ftching 

1,  Experimental Results 

Lithium niobate also shows highly anisotropic etching characteristics. 

Although LiNbO, permits etching of higher coupling waveguides than does quartz, 

LiNbO^ fabrication is much more difficult than that of quartz.  Slow crystal 

etch rates and etch mask erosion are the current limitations to achieving high 

quality LiNbO. waveguides. 

Lithium niobate etches at about one-sixth the rate of quartz in boiling 

HF,  Waveguides with heights on the order of 25 |im require etch times on the 

order of four hours. At present, our etch masks cannot withstand such a long 

exposure to boiling HF.  The etch mask erodes fastest around actual and incipient 

defects in the chrome-gold film and near regions of foreign matter at the sub- 

strate-film interface.  As a consequence, mask erosion is nonuniform, and the 

waveguides thus formed are ragged along the apex line.  Increased emphasis is 

being placed on etch masking and verification of the crystal 1inity of the wafer 

surface, as discussed briefly in Section IV. 

19 
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is 3488 m/s. The first higher-order mode, which is the only potentially inter- 

fering mode, is about 70% higher in velocity. Of course, this puts it well out 

of band of most fundamental mode applications. 

The slope of the phase velocity curve is quite steep everywhere and 

at 9 ■ 26° is 53 m/s per degree.  Consequently, errors in orienting the +Y surface 

lead to center frequency errors of 9 parts per million per second of arc. 

Coupling calculations for the first two modes ot the LiNbO, waveguide 

are shown in Figure 15.  The coupling to the fundamental mode increases rapidly 

with angle to greater than 1%, after which it increases slowly.  At 26° the 

fundamental mode coupling is 1.2%, half as much as coupling to the Rayleigh mode 

on (YZ)-L:NbCL. 

Perhaps the strong coupling could have been anticipated because of the 

high piezoelectricity of LiNbO..  However, we did not expect, and were very 

pleased to discover, the long distance along the top surface of the guide in 

which the electric potential is of one sign.  Figure 16 shows the electric 

potential for a LiNbO. waveguide with a 34° top angle.  The plot shows that at 

least three wavelengths along the top surface can be used for transducer fabri- 

cation.  This represents a significant relaxation in the transducer impedance 

problems encountered in making one-half wavelength wide transducers.  However, 

the level of acoustic activity alorig the guide surface away from the apex shows 

that, for dispersionless operation, the waveguides should be etched several 

wavelengths deep.  Additional etching would require longer etch times, worsening 

the etch mask erosion problem. 

27 
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SECTION IV 

FUTURE WORK 

During the next contract period, greater emphasis will be given to evalua- 

tion of the etch mask erosion problem. Other masking materials will be considered, 

and film application and substrate clean-up techniques will be examined. Data 

indicate that the raggedness observed in etched LiNbO. waveguides may he due to 

crystal defects; whether these defects are from crystal growth or are induced 

during w/ifer preparation is not known. We will examine both possibilities by 

obtaining materials from different vendors as well as by evaluating prepared 

wafers for single crystal Iinity of the polished surface. 

Finally, work on Silicon stencil fabrication will continue in preparation 

for monolithic transducer fabrication on LiNbO. waveguides. Assuming that the 

etch mask erosion problem can be overcome, we now expect that 10 to 30 MHz 

etched LiNbO. waveguide operation will be accomplished within the next three to 

four months. 
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